Measurement of the electrostatic interactions that give rise to biological functions has been a longstanding challenge in biophysics. Advances in spectroscopic techniques over the past two decades have allowed for the direct measurement of electric fields in a wide variety of biological molecules and systems via the vibrational Stark effect (VSE). The frequency of the nitrile stretching oscillation has received much attention as an electric field reporter because of its sensitivity to electric fields and its occurrence in a relatively transparent region of the infrared spectrum. Despite these advantages and its wide use as a VSE probe, the nitrile stretching frequency is sensitive to hydrogen bonding in a way that complicates the straightforward relationship between measured frequency and environmental electric field. Here we highlight recent applications of nitrile VSE probes with an emphasis on experiments that have helped shape our understanding of the determinants of nitrile frequencies in both hydrogen bonding and nonhydrogen bonding environments. 
INTRODUCTION

Electrostatic Measurements in Biology
Noncovalent interactions that exert forces through space play a major role in every aspect of biology, from the folding of proteins to the organization of membrane structures made of individual lipids (1) (2) (3) (4) (5) . This enables complex biological function to emerge from the molecular-level interactions of many billions of individual molecules within a single cell. However, the language used to describe these molecular interactions is often vague and ambiguous: Electrostatics, hydrophobic interactions, hydrogen bonding, etc., are invoked to describe highly specific and complex functions. While there is a rigorous theoretical basis to describe these individual types of interactions, the net result of the interplay of all of these types of interactions for even a single biomolecule is overwhelmingly complicated (6, 7) . As such, quantifying the strength of these various types of noncovalent interactions and the role they play in biological phenomena has been a longstanding challenge. Traditional efforts have been geared toward the measurement of thermodynamic parameters that are thought to be influenced by the local electrostatic environment, such as acidbase equilibria (8) (9) (10) (11) , redox potentials (12, 13) , or association constants (14, 15) . For instance, the pK a values of titratable residues have been used as reporters of the local electrostatic environment in peptides and proteins (8, (16) (17) (18) . This is justified qualitatively because the local environment around the titratable residue tends to preferentially stabilize either the charged or the neutral form. However, it is very difficult to quantitatively rationalize the specific types of noncovalent interactions that contribute to the stabilization or destabilization of the charge. In contrast, the electric field, which quantifies the direction and magnitude of the force that would be experienced by a positive test charge, is a more concrete physical quantity.
In recent years, work by many research groups has led to the suggestion that the electric field can be a unifying parameter to combine various types of noncovalent interactions onto the same quantitative scale for comparison (19, 20) . Early efforts to measure electric fields in biological systems were geared toward nuclear magnetic resonance (NMR) shifts of inserted 19 F labels, which are only indirectly related to local electric fields (21, 22) . More recently, developments in Stark effect spectroscopy have allowed for the direct measurement of electric fields in biological matter with high spatial and field resolution. Because the electric field at a particular location in space gives information about the magnitude and direction of electrostatic forces, it constitutes a physically relevant, measurable parameter to describe the effects of the various types of noncovalent interactions mentioned above.
The Vibrational Stark Effect
There are several excellent reviews of Stark effect spectroscopy, including in the vibrational region of the spectrum (19, 20, (23) (24) (25) (26) . Here we summarize these reviews to provide context for the discussion of recent measurements of electric fields in biological molecules using vibrational probes. Generally speaking, the Stark (or alternatively, electrochromic) effect refers to the sensitivity of a spectroscopic transition to an applied electric field. It was discovered at the beginning of the twentieth century, when it was realized that an applied electric field caused splitting in the absorption lines of hydrogen (27) . In principle, the response of a probe transition to an electric field can be estimated by a Taylor series expansion about the applied field,
where E is the absorption energy of the transition, µ is the change in dipole moment of the probe associated with the transition, F is the applied electric field, and α is the change in polarizability associated with the transition. By recording the spectrum of a molecule under the application of a known value of applied electric field, the parameters in Equation 1 can be estimated (28, 29) . Boxer and coworkers have characterized the values of µ (also called the Stark tuning rate) and α for a wide range of probe transitions, including the chromophores in photosynthetic reaction centers (30, 31) , fluorescent proteins (32, 33) , ruthenium dyes (34, 35) , tryptophan (36) , heme (37) , nitric oxide (38) , carbonyls (39, 40) , nitriles (41) (42) (43) , and C-F and C-D bonds (44) .
More specifically, the vibrational Stark effect (VSE) refers to the sensitivity of vibrational transitions to electric fields. The convenience of using vibrational probes lies in the fact that vibrational modes are typically localized, directional, and small (two atoms in the smallest case). Additionally, for many investigated vibrational transitions, the electric field response is dominated by the difference dipole term in Equation 1 (41, 42) . When this is the case, it may be possible to directly relate the energies of the probe transition to the strength of the electric field experienced by the probe because the response is linear. Moreover, unlike many of the electronic transitions listed above that are delocalized over a large molecule, the vibrational transition of a molecular stretch creates a change in dipole moment ( µ) that is coincident with the molecular bond axis of the stretching motion. In principle, this allows for the measurement of electric field direction. However, because the probe transition energy is related to the applied field through the dot product of the field vector onto the vibrational transition axis, it is necessary to have structural information about the orientation of µ [typically achieved through crystallography or molecular dynamics (MD) simulations]. Typical values of µ range from ∼0.05-0.10 D for vibrational transitions to ∼5-10 D for electronic transitions. A more convenient set of units to express the value of the difference dipole moment is cm −1 /(MV/cm), which is arrived at by scaling the difference dipole moment by Planck's constant and the speed of light. In these units, typical vibrational Stark tuning rates are ∼1 cm −1 /(MV/cm), which means that the vibrational absorption energy of a probe transition will shift by 1 cm −1 for every 1 MV/cm of electric field experienced by the probe. These units are convenient because simulations have shown that the heterogeneity of electric fields in proteins is on the order of tens of MV/cm (3, 45, 46) .
Once a probe transition's Stark tuning rate has been characterized, it is common to use changes in its absorption energy to gain information about the electric field due to a specific perturbation, relative to a well-defined reference, using the linear form of the Stark effect:
where E is the change in absorption energy of the probe transition and F is the change in electric field. The Stark effect is commonly used in this way to obtain electric field changes in proteins due to protein-protein docking (47, 48) , amino acid mutation (49), ligand binding (43, 50) , and location-dependent changes (51, 52) . For these calibrated probe transitions to be useful for measuring electric fields in a protein environment, they must meet several criteria. First, the probe transition must be incorporated into the protein of interest. This requirement is easily met by photosynthetic reaction centers, fluorescent protein chromophores, and heme transitions, as these probe transitions are native to their respective proteins. Additionally, carbonyl groups are present in the backbone of all protein chains. Nitrile groups, as well as C-F bonds, are common in naturally occurring ligands and drug molecules that have been designed to interact with proteins. For studies in which there is not an intrinsic probe transition whose electric field response has been well characterized, there are a growing number of methods for incorporating these functional groups into proteins in a site-specific manner (discussed in Section 2.2) (53) (54) (55) (56) .
Once a probe transition has been incorporated into the protein of interest, the second criterion is that its spectrum be easily separated from that of the protein itself. This means the absorption
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cross section should be strong, and the energy of the transition should be well removed from native protein transitions. Most electronic Stark effect probes meet this requirement because they absorb near-ultraviolet or visible light (to which most proteins are transparent) with high extinction coefficients (ε ∼ 10 4 -10 5 M −1 cm −1 ) (31, 57) . In contrast to electronic transitions, there are many native, overlapping vibrational transitions from the low-frequency carbonyl vibrations, as well as the high-frequency C-H vibrations, within most proteins and lipids. This requires the selection of a vibrational probe whose absorption energy falls into the relatively transparent infrared window of ∼1,800-2,500 cm −1 . Many probes have been developed within this absorption window and have been recently reviewed (25) . Specifically, nitrile, C-D, and azide vibrational absorptions have energies within this window (∼2,000-2,300 cm −1 ), with the drawback of lower extinction coefficients (ε ∼ 10 2 M −1 cm −1 ) compared to those of electronic Stark effect probes (41, 44) . Still, it is relatively straightforward to measure vibrational signals from these labels. In contrast, carbonyl probes must be isotope labeled in order to differentiate their absorption energies from amide backbone vibrational energies (40) .
Two final considerations for these probes are their sensitivity to electric fields (i.e., Stark tuning rate) and their size. Because electronic transitions involve the movement of electrons, they are accompanied by very large changes in dipole moment, which makes them particularly sensitive to local electric field changes. However, labeling a protein or membrane with a nonnative bulky dye always has the potential to perturb the native electrostatics to such an extent that the biological function under investigation is significantly altered or destroyed. In contrast, diatomic vibrational oscillators are usually quite minimal perturbations. While the vibrational Stark tuning rates are much smaller, changes in vibrational energy of a few cm −1 can easily be measured. Site-specific measurements of electric fields in proteins using these calibrated probe transitions may provide a more suitable experimental handle on electrostatic effects in proteins than alternative measurements such as pK a or 19 F NMR shifts. This largely has to do with the fact that, in most cases, Stark effect shifts can be directly related to electric fields (44, 52, 58) . This is in contrast to pK a or NMR shifts, which are related to their noncovalent environment in much less straightforward ways. For instance, while pK a is a direct measurement of the relative stability of two states, the titration at hand may be dependent on more than just the local electrostatic environment. Specific hydrogen bonding to and from the titratable residue, as well as changes in the local field between the two titration states, can make the interpretation of this equilibrium measurement difficult. Site-specific electric field measurements offer a more tractable parameter upon which to build an understanding of the interplay of various noncovalent interactions in a biological system, which is typically not possible from equilibrium measurements alone. Additionally, electric fields can easily be calculated from theoretical models, making them an ideal benchmark for building and validating accurate computational methods for predicting electric fields.
VIBRATIONAL STARK EFFECTS OF NITRILES
Development of Nitrile Vibrational Stark Effect Probes
Several recent reviews have focused on electric field measurements and the frequency determinants of many of the vibrational transitions listed above when applied to quantifying electric fields in biological systems (19, 20, 23-26, 59, 60) . Of the probes whose Stark tuning rates have been calibrated, the nitrile and carbonyl stretching oscillations have been the most widely used for biological electric field measurements. Compared to the carbonyl stretch, the nitrile stretch has a slightly smaller extinction coefficient and Stark tuning rate, as well as an increased sensitivity to hydrogen bonding (discussed in Section 3.1). However, the carbonyl stretch suffers from the drawback that its center frequency is masked by every other carbonyl stretching mode contained within a protein. Thus, isotope labels must usually be employed to isolate the signal from the carbonyl of interest. In contrast, the nitrile stretch (∼2,100-2,300 cm −1 ) can easily be measured in the background of protein, lipid, or DNA infrared absorptions. While clearly there is no single probe transition that works best for all applications, the purpose of this review is to provide a detailed background on the capabilities and limitations of the nitrile stretching oscillation for the measurement of electrostatic fields in a wide range of biological systems. For a more thorough theoretical background on the vibrational solvatochromism of nitriles, we refer the reader to a recent review (26) .
The effects of solvation on the nitrile stretch of acetonitrile were investigated as early as 1968 by Pace & Noe (61), and by the 1990s it was well known that the stretching frequency was sensitive to different solvation environments (62) (63) (64) . The groups of Nyquist (63) and Kessler (64) first noted that the frequencies tended to shift to higher wavenumbers when acetonitrile was solvated with strong Lewis acids, which is now understood to be caused by specific hydrogen bonding to the nitrile moiety (65) . Long before nitrile stretching frequencies were used to measure electric fields in biological materials, McCoy & Caughey (66; see also 67) recorded the nitrile stretching frequency of various cyanate derivatives bound to the heme center of metmyoglobin and methemoglobin. Their work showed the possibility of using these vibrations to probe the active sites of hemeproteins, and to our knowledge these were the first measurements of nitrile frequencies in a biological system. However, for the nitrile stretch to be widely useful as a probe of biological environment, it would need to be able to be incorporated in a site-specific manner. To fulfill this need, Gai and coworkers (68) synthesized calmodulin-binding peptides that contained the unnatural amino acid p-cyanophenylalanine ( pCNF). Similar to what was already known at the time for acetonitrile and other small nitrile derivatives, it was shown that the stretching frequency of pCNF on the peptide was sensitive to its local solvation environment, with a narrowing and downshift in the nitrile spectrum upon binding to calmodulin and subsequent burial of the nitrile moiety. While the authors were not primarily interested in using the frequency shift to quantify electrostatic changes due to the binding event, they proposed that the nitrile stretch would be useful as a site-specific probe of solvent accessibility in proteins.
Much of the early work to determine Stark tuning rates for various small nitrile derivatives was done by Boxer and coworkers (41, 42, 44) . It was determined that the Stark tuning rates for aromatic and aliphatic nitrile derivatives were in the range ∼0.4-1.1 cm −1 /(MV/cm), with the aromatic nitriles displaying stronger field sensitivity than the aliphatic ones. Moreover, the Stark tuning rates of the aromatic nitriles were shown to be correlated with the molecule's Hammett number. Additionally, the molar extinction coefficient for small nitriles was measured to be in the range 50-1,000 M −1 cm −1 . In 2006, Boxer and coworkers (45) reported the use of VSE spectroscopy of the nitrile functional group on an inhibitor of human aldose reductase 2 (hALR2). At the time, there were a multitude of measurements of the spectroscopic changes in nitrile frequencies upon application of a known value of electric field, but this study was the first example of the inverse experiment (VSE spectroscopy): inference of an electric field experienced by a nitrile probe from its absorption frequency on the basis of Equation 1. Shortly thereafter, Boxer and coworkers (56) demonstrated the facile incorporation of the nitrile functional group into a variety of different protein systems using well-known thiol chemistry of cysteine residues. The use of this reaction (shown in Figure 1a ) made it possible to incorporate the nitrile stretch into proteins in a sitespecific manner, which in turn enabled the quantification of electric fields in proteins at the scale of individual amino acids. Two common methods for nitrile probe incorporation. (a) The conversion of free cysteine to thiocyanate. Ellman's reagent is added to a purified protein solution to add thionitrobenzoic acid (TNB) to the free cysteine side chain. The TNB is then replaced by a cyanate ion to create cyanylated cysteine. The reaction progress of each step of the reaction can easily be measured by the TNB absorbance at 412 nm. (b) Schematic of nonsense suppression to express proteins containing p-cyanophenylalanine ( pCNF). One plasmid, containing the gene for the protein of interest and the amber codon at the desired location, is coexpressed in Escherichia coli with an amber suppressor plasmid that codes for the pCNF tRNA synthetase ( pCNF-RS) and an amber tRNA. In the presence of pCNF, cells expressing these two plasmids will generate protein containing pCNF at the location of the amber codon.
Methods of Nitrile Probe Incorporation
There are several common ways to incorporate the nitrile functional group into a biologically relevant system for spectroscopic studies. First, synthetic peptide sequences can be made to include any noncanonical amino acid (most commonly pCNF) by commercial solid-phase peptide synthesis (69) (70) (71) (72) (73) . However, this technique is usually limited to peptides and small proteins and can be expensive. Additionally, unnatural peptides have been used to introduce the nitrile functionality into lipid bilayer membranes (74, 75) . Perhaps the most common technique for incorporating nitriles into proteins makes use of the well-known reactivity of cysteine residues and Ellman's reagent (76), followed by nitrile replacement to make cyanylated cysteine residues (SCN) (Figure 1a ) (56) . This technique has the benefit of being a post-translational modification, which means that the nitrile functionality can be added onto any protein, regardless of size. The main drawback to this technique is that the reaction is dependent on the placement of free cysteine residues. This usually means that all native cysteine residues need to be replaced with nonreactive residues such as alanine, which could severely impact the folding, stability, and function of the protein. It also means that nitrile incorporation is generally limited to solvent-exposed regions of the protein. This can be overcome by performing the reaction in the unfolded state, as long as the protein refolds into its proper tertiary structure following buffer exchange. An increasingly popular method for nitrile incorporation into proteins is the use of nonsense suppression (Figure 1b) , which makes use of an engineered tRNA and tRNA synthetase (RS) pair to incorporate an unnatural amino acid in response to a newly inserted amber codon (77, 78) . Such tRNA/RS pairs have been developed for the incorporation of many unnatural amino acids, including pCNF (54) . This method has the benefit that the nitrile probe can be incorporated anywhere into the protein sequence, regardless of solvent accessibility. However, the main drawback is that the yield of folded, labeled protein is often not sufficient to generate enough protein for Fourier-transform infrared (FTIR) measurements. Nevertheless, the field of nonsense suppression is growing rapidly, and continuous methodological advancements have made this technique increasingly more feasible (55, 79) . Finally, there are many natural enzyme substrates and inhibitors that contain the nitrile functional group (43, 45) . While these molecules have the advantage of delivering the Stark effect probe directly to the active site (in most cases), they suffer from the obvious drawback that they are limited to the specific enzymatic system for which they were naturally evolved or developed. However, even in the case where no nitrile-containing substrate exists for a particular enzyme, it may be possible to synthesize an appropriate molecule to deliver a nitrile to a specific location.
PRACTICAL CONSIDERATIONS FOR THE USE OF NITRILE PROBES
Hydrogen Bonding to Nitrile Probes
For all of the benefits that nitrile VSE probes have over other probes, they suffer from the drawback that their frequencies are sensitive to hydrogen bonding in a way that is not well described by the Stark effect. By far the most common use of nitrile VSE measurements is to report on changes in electric field, relative to a well-defined reference, via Equation 2. However, in principle, the absolute frequency of a Stark effect probe is related to its absolute electric field environment through Equation 1. The problem in analyzing measured nitrile frequencies with Equation 1 arises from the ability of the nitrile to accept hydrogen bonds, which causes deviations from the Stark effect model due to quantum mechanical effects associated with the hydrogen bond. This has led to suggestions that nitrile probes should be used only in environments where they can be free from hydrogen bonds, or to assess whether a particular location is solvent-exposed (72, 73) . While one can certainly imagine the use of a nitrile probe in the latter case, it is difficult to envision many biological scenarios where a nitrile probe might be entirely free from hydrogen bonds. In fact, it seems likely that a nitrile probe placed into a water-free environment, such as the hydrophobic interior of a protein, would simply accept a hydrogen bond from another donor besides water. This remains to be rigorously tested, but if true, would mean that there are very few interesting biological environments where a nitrile probe could be entirely free from hydrogen bonds, aside from in simple, aprotic solvents. As such, if we are to use nitrile probes to measure electric fields in hydrogen bonding environments, then a rigorous quantification of the effect of hydrogen bonding on nitrile vibrational frequencies is necessary.
One promising method that could allow for the assessment of hydrogen bonding environments of nitrile probes is the measurement of the temperature dependence of their vibrational frequencies. Many groups have measured the temperature dependence of small nitriles in water and in organic solvents, in some cases noting anomalous narrowing of the nitrile spectra with increasing temperature (50, 68, 80) . Adhikary et al. (73) recorded the temperature dependence of nitrile-labeled proteins and showed that the magnitude of the frequency-temperature line slope (FTLS) was related to a qualitative expectation of the hydrogen bonding environment based on the observation of crystal structures. They reported that nitrile probes inserted at solvent-exposed locations had larger FTLSs than nitriles inserted at buried locations. Qualitatively, this makes sense from the viewpoint that hydrogen bonds tend to broaden and blueshift the frequencies of nitriles, relative to their unbound values. Thus, as temperature increases and hydrogen bonds occur less frequently, there should be a corresponding redshift and narrowing of the nitrile spectrum. Nitriles at buried locations, which experience less hydrogen bonding, should exhibit shallower FTLS values than those at solvent-exposed locations, which are more likely to accept hydrogen bonds and thus have higher frequencies. In order to assess the frequency changes that are accompanied by hydrogen bonding with water, Cho et al. (81) performed quantum mechanics calculations on small water clusters containing methyl thiocyanate and acetonitrile. Their results showed that the nitrile frequencies varied strongly with the orientation between the hydrogen bond donor and the nitrile bond vector (Figure 2) . Notably, their results were interesting because the calculations predicted that certain hydrogen bonding geometries could give rise to lowered nitrile frequencies, contrary to the common misconception that hydrogen bonds always result in increased nitrile frequency. Boxer et al. (82) showed that, compared to an independent NMR parameter, nitriles that engaged in hydrogen bonds with water all had frequencies that were offset by a constant amount from the NMR-IR comparison. An unfortunate result of this study is that the constant offset of 10 cm
that was observed has been taken by some to be the constant value that should be applied to all hydrogen-bonded nitriles in all hydrogen bonding environments (83, 84 ). An interesting future study would be to extend the FTIR-NMR comparison to hydrogen bonding environments beyond the simple case of entirely solvent-exposed nitriles.
We have recently used green fluorescent protein (GFP) as a model protein system for addressing the potential of hydrogen bonding to nitrile probes to interfere with their ability to report faithfully on electric fields on the basis of Equation 2 (85). The GFP fluorophore, which itself acts as a linear Stark effect probe [with a Stark tuning rate of 117.5 cm −1 /(MV/cm)] (33), was used as an independent handle on electric field changes caused by amino acid mutations nearby. We incorporated pCNF residues at two positions near the GFP fluorophore (Figure 3a) and measured Stark effect shifts from both the nitrile oscillators and the intrinsic GFP Stark effect probe, in response to mutations at position 203. The observed linearity between the responses of both types of probes gave us confidence that the nitrile frequency shifts could be used to report on electric 
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field changes (Figure 3c,d) . We then measured the temperature dependence of the pCNF spectra and concluded that the pCNF residues were engaged in moderate hydrogen bonding (Figure 3b) . Similar to the aforementioned NMR study by Boxer et al. (82) , this result led us to conclude that hydrogen bonding to the nitrile probes did not interfere with their ability to report on changes in electric field, provided that the two states were similar in hydrogen bonding environment. While our comparison of vibrational and electronic Stark effect shifts in GFP was illuminating, it would still be desirable to have a robust understanding of the effect of hydrogen bonds on absolute nitrile frequencies. For example, confirming whether a constant offset of 10 cm −1 could be applied to all types of nitrile hydrogen bonds would be a significant benefit in a number of experimental contexts. A few attempts have been made to understand the effect of hydrogen bonds on nitrile frequencies in scenarios that are not simply a nitrile probe in a bulk-water environment (82) . However, these studies have largely focused on varying the ratios of mixed cosolvents with water. Bagchi et al. (84, 86) have shown that nitrile frequencies vary linearly with water content in water-dimethyl sulfoxide (DMSO) mixtures, for example. While these studies are useful, it is unclear whether adding cosolvents should necessarily be an appropriate stand-in for the different hydrogen bonding environments that one might find in an enzyme active site or at a proteinprotein interface. It seems more likely that the observed linear changes in nitrile frequency that accompany variations in the DMSO:water ratio might simply be due to linear changes in the amount of hydrogen bonding, without any drastic changes to the geometry of the interaction. Moreover, studies like these ignore the fact that many hydrogen bond donors besides water exist in biological systems.
Electrostatic Perturbations Due to Nitrile Probes
One aspect of VSE experiments using nitrile probes is the ability of the probe itself to alter the electrostatic environment it is being used to measure. While this issue is not specific to the nitrile stretching oscillation, the large ground-state dipole moment of nitriles (∼4 D) (87), along with their ability to accept hydrogen bonds, means that extra care should be taken when using a nitrile probe. Most of the control experiments to assess the degree of perturbation due to the nitrile have been aimed at measuring either the structure or the function of the biomolecule of interest. For instance, Brewer et al. (88) have collected crystal structures of GFP with and without pCNF. The absence of any observed large structural changes in the vicinity of the probe is taken to mean that the nitrile did not cause any serious perturbation to its surrounding environment. However, because of the difficulty in obtaining structural information in many cases, the function of a biomolecule is often assayed with and without the probe. In the case of SCN-labeled GTPase, Ragain et al. (89) measured the dissociation constant (K d ) of the Ras-Ral interaction to gain some idea of the perturbation caused by the SCN label. With a few exceptions, the authors observed changes in K d on the order of ∼10-20% due to the SCN probe, which they deemed to be an acceptable level of perturbation. While structural and functional information are undoubtedly linked to each other through noncovalent interactions, they are not necessarily direct reporters of how local electrostatics may be changed by the insertion of the nitrile probe. In our study of pCNF-labeled GFP, we found that the insertion of pCNF often induced an electric field change of ±2-3 MV/cm, measured from the intrinsic GFP Stark effect probe. While these field changes were on the same order of magnitude as the field changes the pCNF probes themselves were used to measure (see, for example, the y-axis of Figure 3c) , we found that the field changes experienced by the electronic Stark effect probe due to the amino acid mutations were unperturbed by the presence of the pCNF residues. While GFP is unique in that it contains an intrinsic Stark effect probe, we hypothesize that the ability of nitrile probes to report on electric field changes is generally applicable in scenarios where the extent of hydrogen bonding between the two states is similar.
Comparing Nitrile Stark Effects to Other Experimental Electrostatic Measurements
Given the aforementioned concerns about the interpretation of nitrile frequencies in terms of electric fields, it is reasonable to question the ability of nitrile probes to report reliably on their local electrostatic environment, especially in contexts where hydrogen bonding to the nitrile probe cannot be avoided. One might ask whether the electric fields inferred from nitrile frequencies are actually indicative of the true electric fields at the location of probe incorporation. The most common way to address this question is through the computational prediction of the magnitude of electric fields experienced by the nitrile probes. However, it is often the case that computer simulations of electric fields at the midpoint of nitrile bonds cannot reliably reproduce measured frequencies (90, 91) . While it is convenient to ascribe the mismatch between experiment and theory to the shortcomings of electrostatics models in proteins, it could also be argued that the problem lies in the ability of the nitrile frequency to be a faithful reporter of electric field.
Webb & Boxer (43) found that nitrile frequencies on a synthesized inhibitor of hALR2, and thus the measured fields at the nitrile, correlated with inhibition constants for a series of amino acid mutations. The agreement between electric fields (inferred from VSE shifts) and enzyme function (via the inhibition constant) provided confidence that the nitrile frequencies were accurately reporting on changes in their local electrostatic environment directly related to function. However, it is usually difficult to rationalize how a specific enzymatic function should vary with an electric field at a specific location. Boxer et al. (82) compared the nitrile frequencies of ethyl thiocyanate and cyanylated cysteine-labeled ketosteroid isomerase (KSI) to the 13 C-NMR shifts of the isotope-labeled nitriles. The authors found not only that the NMR shifts and FTIR frequencies were correlated, but also that deviations from the correlation seemed to be indicative of hydrogen bonding (see Section 3.1).
Our lab has been interested in comparing nitrile frequencies to independent electrostatic measurements using GFP, whose embedded fluorophore is sensitive to its local environment. Specifically, we directly compared VSE shifts of pCNF-labeled GFP to electronic Stark effect shifts of the embedded GFP fluorophore as a function of amino acid mutation (85) . Despite the two orders of magnitude difference in the Stark tuning rates of pCNF compared to the GFP fluorophore, we observed that the two types of electric field probes had frequencies that were highly correlated (Figure 3c,d) . The agreement between electronic and vibrational Stark effect shifts in GFP provides confidence that nitrile frequency shifts can be used to accurately report on electric field changes, and to our knowledge this is the only direct comparison of two different Stark effect shifts in response to the same perturbation. Expanding on this initial study, we have compared the VSE shifts of the same pCNF probes in GFP to the pK a of the intrinsic fluorophore in response to amino acid mutations (92) . Our results showed that these two orthogonal probes of electrostatic environment (i.e., pK a shift and electric field change) gave similar responses to the same mutations. The correlation between pK a and Stark effect probes of the same local environment highlights the power of nitrile probes when used to measure differences between highly similar states. However, because pK a shifts have been the most widely used probe of electrostatic environment in proteins, it is desirable to understand if nitrile probes and pK a probes in other, diverse protein environments also respond similarly to the same perturbations. We believe that these two orthogonal types of electrostatic measurements could be used to gain complementary information about noncovalent
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interactions that neither probe could provide on its own. More studies comparing nitrile VSE shifts to independent electrostatic measurements are desirable for understanding the limitations of nitrile probes in a variety of contexts.
NITRILE VIBRATIONAL STARK EFFECTS IN PROTEINS
Protein-Protein Interactions
Nearly all known protein complexes are assembled noncovalently, which suggests that electrostatic forces play a large role in the formation and function of protein-protein interfaces. Indeed, many important cellular signaling cascades make use of the ability of signaling proteins to differentiate between receptor proteins on the basis of their electrostatic surfaces (93) (94) (95) (96) . Because of the role of electrostatics in governing these interactions, VSE spectroscopy has been an apt experimental technique to quantify the electrostatic forces exerted by one protein onto its binding partner. outlines the experimental process that is typically carried out to measure the change in electric field due to a protein-protein interaction. By comparing the spectra of the nitrile-labeled peptide before and after binding to calmodulin, it was determined that the nitrile in the free peptide was well solvated by water and then buried in a hydrophobic pocket upon binding. Much of the interest in our group has focused on the measurement of electric fields at proteinprotein interfaces. Stafford et al. (97) introduced SCN onto the surface of the Ral guanine dissociation stimulator (RalGDS) and measured VSE shifts of the nitriles due to the binding of two different GTPases. They found that the VSE shifts of some of the nitrile probes were similar between the two GTPases, whereas some were very different, which suggested that key residues at the interface are involved in an electrostatic mechanism for differential binding of RalGDS to either of the GTPases. Walker et al. (48) performed a similar study with SCN probes on the surface of a GTPase to investigate the electrostatic effects of a known structural tilt in the binding orientation of the GTPase to two different downstream effectors. A pattern of conserved VSE shifts from the SCN labels when the GTPase was bound to two different downstream effectors provided an electrostatic mechanism for the experimentally observed tilt angle between Ras and the two binding partners. This also provides guidance for predicting novel GTPase-effector binding proteins that are not yet known but may have biological relevance.
Enzyme Active Sites
One major application of nitrile VSE probes is to directly measure the electrostatic fields at the active site of an enzyme. There has been much debate (98-100) over the role of electrostatic interactions in stabilizing the transition states of enzymatic reactions, and the development of Stark effect spectroscopy has allowed for direct measurements of these effects in enzyme active sites. Suydam et al. (45) reported the first quantification of electric fields at the active site of an enzyme by measuring the vibrational spectra of nitrile-containing ligands bound to the active site of hALR2. While this groundbreaking study showed the feasibility of electric field measurements at an enzyme active site, it was limited by the fact that the nitrile probe was confined to a particular geometry on a specific enzyme inhibitor. To overcome this limitation, Webb & Boxer (43) synthesized new ligands containing the nitrile moiety at various locations, showing the feasibility of rationally designing molecules to deliver the VSE probe to the active site at a specific geometry. As site-specific labeling techniques were further developed, studies of enzyme active sites could be extended to involve VSE probes placed at various locations surrounding the active site. More recently, efforts by Boxer and coworkers (51, 52) have focused on the measurement of electric fields at the active site of KSI by measuring VSE shifts of nitriles introduced with a variety of techniques. In addition to providing the first quantification of the electrostatic heterogeneity within an enzyme active site, their work has enabled exploration of the contribution of electric fields to enzyme catalysis (100).
Nitrile Vibrational Stark Effects in Model Membranes
Electrostatic interactions in lipid bilayers are key to the assembly and function of membraneassociated proteins, as well as to the transport of ions and molecules through the bilayer (101) . However, because the dominant electrostatic potential associated with lipid bilayers is contained
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entirely within their hydrophobic interior, measurement of the magnitude of this potential has historically been limited to indirect experimental techniques. Specifically, analyses of ion transport rates across membranes (102) , fluorescence changes of voltage-sensitive fluorophores (103) , and computer simulations have led to estimates of the dipole potential of model membranes on the order of 200-300 mV (102) . Because this potential persists for only a few nanometers within the bilayer, this gives rise to electric fields on the order of 1-10 MV/cm. Using VSE spectroscopy, Webb and coworkers (74, 75, 104) have directly measured the electric fields that are contained within the interiors of model membranes. By synthesizing peptides that spanned the length of a lipid bilayer vesicle and that contained pCNF, Shrestha et al. (75) were able to systematically move the position of the VSE probe throughout the interior of the bilayer. Using MD simulations, the authors estimated a range of possible conformations of the nitrile positions that led to an estimate of the dipole electric field of 8-11 MV/cm. Figure 5 shows a MD snapshot of the intercalating peptide containing pCNF at the interior of the membrane and a snapshot of the peptide that contains pCNF near the phosphate head group. Similar studies of vesicles prepared in the presence of various sterols have allowed for estimations of the effect of membrane composition on the dipole potential (104) . Future efforts should be aimed at measuring the electric fields within membranes that are responsible for the organization of functional domains of transmembrane proteins and sterols. 
OUTLOOK AND FUTURE DIRECTIONS
The past decade has seen growth in the use of VSE shifts of nitriles to directly measure electric fields in biological systems. Efforts by many research groups have shaped our understanding of the capabilities and limitations of the nitrile stretching oscillation for reporting on electric fields. While specific hydrogen bonding interactions with nitriles are known to complicate VSE analyses, careful control experiments can allow for the quantification of electric fields in the presence of hydrogen bonding. Future experiments should be geared toward a more complete understanding of the determinants of nitrile frequencies in a wide variety of hydrogen bonding environments, including hydrogen bond donors besides water. This will ultimately allow for more rigorous testing of electrostatic models, which is needed because it is becoming increasingly evident that nitrile probes in biological systems are very rarely not engaged in hydrogen bonds. Understanding how these diverse hydrogen bonding interactions influence the frequencies will provide more confidence in experimental electric field measurements. Additionally, attempts should be made to expand the database of crystal structures of nitrile-labeled proteins, including proteins with nitriles at buried locations. This will be critical in understanding whether nitrile probes located in a protein interior tend to cause more structural rearrangement than probes placed on the exterior. With the development of new nitrile-functionalized molecules (such as amino acids, enzyme substrates, and nucleotides), the techniques and analyses outlined here should become more accessible to laboratories that can make use of techniques to directly measure electric fields in a wide variety of biological systems of interest.
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